Individuals infected with human immunodeficiency virus type-1 (HIV-1) usually show a general dysregulation and hyper-activation of the immune system. A direct influence of HIV-1 particles on B-cell phenotypes and functions has been previously described. However, the consequences of B-cell dysregulation are still poorly understood. We evaluated the phenotypic changes in primary B cells after direct contact with HIV-1 particles in comparison with different types of stimuli. The functionality of treated B cells was challenged in co-culture experiments with autologous CD4+ and CD8+ T cells. We demonstrated that HIV-1 induces a phenotypic change in B cells towards a regulatory B-cell phenotype, showing a higher level of IL-10, TGF-β1, EBI3 or IL-12(p35) mRNA expression and acquiring an immunosuppressive profile. The acquisition of a Breg phenotype was confirmed by co-culture experiments where HIVtreated B cells reduced the proliferation and the TNFα production of CD4+ or CD8+ T cells. This suppressive ability of HIV-treated B cells was dependent on cell-to-cell contact between these B cells and effector cells. To our knowledge, these data provide the first evidence that HIV-1 can directly induce a regulatory B cell-like immunosuppressive phenotype, which could have the ability to impair specific immune responses. This dysregulation could constitute one of the mechanisms underlying unsuccessful efforts to develop an efficient vaccine against HIV-1.
INTRODUCTION
Human immunodeficiency virus type-1 (HIV-1) infection is associated with B-cell dysregulation and perturbations in the production of antibodies, which can lead to hypergammaglobulinemia, polyclonal activation of the B-cell compartment, depletion and impaired function of memory B cells. These perturbations might induce B-cell hyperactivity, ineffective recall responses and dysregulation of class switch recombination (CSR), which leads to the production of non-specific IgG, IgE and IgA antibodies. [1] [2] [3] As a consequence, the B-cell compartment becomes exhausted, leading to defective responses to opportunistic pathogens and compromised B-cell responses to vaccination. 4, 5 Dysregulation of B cells can occur irrespective of T cells. Direct contact between viral particles and B cells, such as the gp120/C-type lectin interaction with B-cell receptor engagement (BCR) in the presence of CD40L at the virion membrane, are signals strong enough to activate the B-cell compartment. [6] [7] [8] [9] In our previous work, we investigated the extent of B-cell dysregulation in a T cell-free context. 7 We determined that HIV-mediated cell activation, AID mRNA expression and CSR induction were induced by BCR engagement through the c-Jun N-terminal kinase (JNK) and the spleen tyrosine kinase (SYK)/BCR pathways. 6 However, even if HIV-mediated dysregulation of B cells has been demonstrated, its functional significance is still poorly understood.
It was previously described that CD21, CD24, CD38 and CD27 expression levels were deeply altered at the surface of B cells during HIV-1 infection. 7, 10 All of these markers are associated with a relatively new B-cell compartment named regulatory B cells (Bregs). Bregs are formed by different B-cell subsets with regulatory functions and with a pivotal impact on the immune response in infection, cancer or autoimmune diseases. 11, 12 Several studies have attempted to determine which markers define human Breg cells in peripheral blood. The Breg subsets in humans have alternatively been classified as CD19+ CD24hiCD38hi 13 or CD19+CD24hiCD27+. 14, 15 More recently, other B-cell subsets, such as CD19+CD38+CD1d+IgM+CD147 +, CD25hiCD71hiCD73lo or circulating CD39+CD73+ B cells, were also classified as Breg cells (reviewed in ref. 15) . Although a general Breg phenotype is still not well defined, it is widely accepted that the presence of suppressive capacity is the best indicator for the identification of Breg cells. The majority of mechanisms of suppression described to date are related to the ability of Breg cells to produce IL-10 and to inhibit the production of pro-inflammatory cytokines. 16, 17 However, IL-10-independent mechanisms of suppression have also been described in several studies and in the review written by Ray et al. 18 HIV-1 infection has been associated not only with an increase in IL-10 in peripheral blood but also with an increase in Breg frequency in the early stages of infection, which consequently leads to the inhibition of anti-HIV-1-specific T cells. 19, 20 The Breg frequency was correlated with the appearance of markers of HIV-1 disease progression and with the loss of anti-HIV-1 CD8+ T-cell function. 21 Therefore, the presence of Bregs is potentially related to the lack of a correct immune response in HIV-1 infection. Regarding potential mechanisms, it has been suggested that microbial translocation might be partially responsible for the high frequency of IL-10-producing B cells in untreated HIV-1 individuals. 20, 22 Microbial translocation in the gut induces the expression of TLR ligands and CD40L in peripheral blood, which are stimuli required to activate Breg cells in vitro. Nevertheless, mechanisms explaining the increase in Breg cells and IL-10 expression in HIV-1-infected individuals have not yet been fully determined. Comprehension of the mechanisms of Breg-cell differentiation, function and expansion in the context of HIV-1 infection could help to better understand the immune dysregulation and to improve the efficacy of vaccines in the generation of neutralizing antibodies.
We describe for the first time the ability of HIV-exposed B cells to develop a Breg-like phenotype in vitro. The increased frequency of a Breg-like phenotype was not due to specific expansion of Breg subsets already present in the pool of cells. Interestingly, HIV-exposed B cells were able to produce IL-10, TGF-β1 and IL-35, which are cytokines associated with the Breg-cell phenotype. Moreover, HIVexposed B cells were able to block CD4+ and CD8+ T cell proliferation and TNFα production in a cell-to-cell contact interaction in part involving the HIV-1 envelope protein.
These results could provide a partial explanation for the increased frequency of Breg cells in HIV-1-infected individuals and the extent of immune system dysregulation in HIV-1 infection.
MATERIALS AND METHODS

Isolation of B cells from peripheral blood mononuclear cells
Peripheral blood mononuclear cells (PBMCs) were isolated with a Ficoll-Hypaque density gradient (Rafer, Zaragoza, Spain) from buffy coats obtained from the transfusion center of Madrid, following national guidelines. B cells were purified using anti-human CD19 MicroBeads (positive selection, Miltenyi, Bergisch Gladbach, Germany) and the purity was 496%. In several experiments, B cells were also isolated using unaltered CD19 purification Microbeads (negative selection, Miltenyi). PBMCs and isolated B cells were cultured with RPMI 1640 medium (Biochrom, Cambridge, UK) supplemented with 5% heat-inactivated FCS and a mix of antibiotics (125 μg/ml ampicillin, 125 μg/ml cloxacillin and 40 μg/ml gentamicin; Sigma Aldrich, St Louis, MO, USA).
Virus stock production HIV-1 stocks were produced by infection of activated PBMCs with NL4-3 virus stocks. NL4-3 stocks came from previous transient transfections of pNL4-3 (NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH) in 293 T cells (ATCC, LGC Standards). HIV-1, HIV-89.6, HIV-Ba-L and HIV-LAI (BRU) were generated by infecting activated PBMCs with cellfree virus (cat# 1966; 510 and 2522, respectively). HIV-1 89.6 came from Dr Ronald Collman; HIV-1 Ba-L from Dr Suzanne Gartner, Dr Mikulas Popovic and Dr Robert Gallo; and HIV-1 LAI (BRU) from Dr Jean-Marie Bechet and Dr Luc Montagnier. HIV-1 transmitted/founder viruses (T/F), HIV-WITO, HIV-THRO, HIV-CH058 and HIV-CH077, were generated by transfecting infectious molecular clone pWITO.c/2474 (cat# 11739), pTHRO.c/2626 (cat# 11745), pCH058.c/2960 (cat# 11856) and pCH077.t/2627 (cat# 11742) into 293 T cells. T/F plasmids were from Dr John Kappes and Dr Christina Ochsenbauer. All virus isolates (virus or plasmids) were obtained via the AIDS Research and Reference Reagent program, Division of AIDS, NIAID, NIH. The resulting virus stocks were expanded in activated PBMCs. Physical titers of HIV-1 were evaluated by quantification of HIV-1 p24 gag by an ELISA kit (Innogenetics, Ghent, Belgium). The 50% tissue culture infectious dose (TCID50) of each isolate was determined in activated PBMCs using the Spearman Karber formula (ACTG Lab Man, 25 May 2004 23 ). We calculated the ratio TCID50/ng by dividing TCID50/ml by ng/ml of p24 gag obtained for each HIV-1 isolate. For HIV-1 NL4-3 , which was essentially used in this study, we tested five different viral productions, with a TCID50/ng mean of 290.8 ± 247 (range ± SD: 40-665 TCID50/ng of p24 gag ). Other viral ratios were as follows: HIV-1-Ba-L (958 TCID50/ng), HIV-1-LAI(BRU) (393 TCID50/ng), HIV-1-WITO (84 TCID50/ng), HIV-1-THRO (67 TCID50/ng), HIV-1-CH058 (90 TCID50/ng) and HIV-1-CH077 (395 TCID50/ng). as positive controls. We treated B-cells with CD40L (eBioscience, San Diego, CA, USA; 200 ng/ml)+IL-4 (ImmunoTools, Friesoythe, Germany; 20 ng/ml), which induces B-cell differentiation, or with CpG-B oligodeoxynucleotide-2006 (CpG; Eurogentec SA, Liege, Belgium; 10 μg/ml)+CD40L +LPS (Sigma Aldrich; 1 μg/ml), which induces IL-10-producing Breg cells and a Breg phenotype in vitro. 14 Alternatively, B cells were activated with CD40L+IL-4+HIV-1 NL4-3 or with CpG+CD40L+LPS+HIV-1 NL4-3 . A mock condition was defined using supernatant from activated and non-infected PBMC cell culture. A non-treated (NT) condition was defined as B cells cultured only with medium as a negative control.
For the study of cell-surface markers and intracellular IL-10 labeling, B cells were also treated for 48 h with 20 μg/ml HIV-1 IIIB gp120 recombinant protein (cat# 11784, from ImmunoDX, LLC, NIH AIDS Reagent Program). B cells were treated with a combination of 10 μM of zidovudine (AZT, GSK, Madrid, Spain) and 20 μM of enfuvirtide (T20, Roche, Basel, Switzerland) for 1 h before adding virus. Alternatively, HIV-1 NL4-3 (25 ng of p24 gag /10 6 B cells) was treated for 1 h with an anti-HIV-1 gp120 monoclonal antibody used at a 1:5 ratio (volume antibody: volume virus; cat# 2343, neutralizing monoclonal antibody clone, ID6, raised against a recombinant LAV-1 gp160, from Dr Kenneth Ugen and Dr David Weiner), with human AB-serum used at a ratio of 1:5 (volume serum: volume virus; Sigma Aldrich), HIV-1 Neutralizing Serum #1 used at a ratio of 1:5 (volume serum: volume virus; cat# 1984, from Dr Luba Vujcic) or with 50 μg/ml of anti-human CD40L (clone 24-31, Biolegend, San Diego, CA, USA) before adding this treated virus to B-cell culture. Anti-HIV-1 gp120 monoclonal antibody, HIV-1 IIIB gp120 recombinant protein and HIV-1 neutralizing serum #1 were obtained via the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH. SF162-gp120 monomeric (gp120 m) and gp140 trimeric proteins (gp140t) were obtained from Dr Leo Stamatatos. 24 Trimeric gp140 was formed by a fusion site between gp120 and gp41 that has been mutated to result in a fused gp140 soluble protein; most of the proteins exist in a trimeric form. Gp120 m and gp140t were tested at 10 and 50 μg/ml; only results from the 10 μg/ml conditions are shown, as 50 μg/ml treatment with monomeric gp120 and trimeric gp140 was toxic.
Flow cytometry for determination of B-cell phenotype Cells were stained to verify the purity of isolated B cells or to define B-cell phenotype using anti-CD3, anti-CD4, anti-CD8, anti-CD71, anti-CD20, anti-CD19, anti-CD38, anti-CD24, anti-CD27, anti-CD1d and anti-CD5 (Beckman Coulter, Brea, CA, USA); anti-PD-1, and anti-PD-L1 (BD Biosciences, San Jose, CA, USA) and anti-FasL (Abcam, Cambridge, UK). Viability of B cells was analyzed with 0.5 μg/ml of 7-aminoactinomycin D (7AAD, Sigma Aldrich). For intracellular labeling of anti-Granzyme B (Biolegend), cells were washed, surface-stained, stained for viable cells with Fixable Viability Dye eFluor450 (eBiosciences), and fixed/permeabilized (Cytofix/Cytoperm, BD biosciences). For intracellular labeling of cytokines IL-10 (Miltenyi Biotec) or TNFα (Biolegend), cell cultures were supplemented with PMA (10 ng/ml)+ionomycin (0.25 μg/ml, both from Sigma Aldrich), and GolgiStop (BD biosciences) for the last 5 h of incubation before staining and permeabilization. Cells were then analyzed by flow cytometry by using a Gallios cytometer (Beckman Coulter), and the data were analyzed by using FlowJo 7.6.1 software (Tree Star Inc., Ashland, OR, USA). Proliferation assay B cells were NT or treated with CD40L/IL-4, CD40L/IL-4/ HIV-1 NL4-3 , CpG/CD40L/LPS, CpG/CD40L/LPS/HIV-1 NL4-3 or mock-treated for 48 h. B cells were washed once with PBS and then washed with acid buffer (PBS-glycine, pH 3.2). Briefly, B cells were washed with 0.2 M glycine buffer containing 0.15 M NaCl (pH 3.2), which was employed to remove cell-surface bound virus, followed by PBS washes. Autologous CFSElabeled CD19-depleted PBMCs (50 000 cells, named 'effector cells' or EC) (CFSE from Life Technologies) were co-cultured with HIV-1-exposed B cells or stimulated B cells (100 000 cells) and subsequently stimulated with anti-CD3/anti-CD28-coated magnetic beads (50 000 beads, Life Technologies). After 72 h, the frequencies of proliferation of CD8 and CD4 T cells were determined by flow cytometry, following the loss of CFSE signal to determine the suppressive capacity of the B cells.
TNFα production assay B cells were NT or treated with several stimuli and/or HIV-1 NL4-3 for 48 h. B cells were washed once with PBS and then washed with acid buffer (PBS-glycine, pH 3.2) followed by PBS washes. Autologous CD19-depleted PBMCs (50 000 cells, EC) were co-cultured with HIV-1-exposed B cells or stimulated B cells (100 000 cells) and then stimulated with anti-CD3/anti-CD28-coated magnetic beads (50 000 beads). After 72 h, the frequencies of TNFα-producing CD8 and CD4 T cells were determined by flow cytometry, and the reduction in TNFα expression was calculated as follows: 100 − ((TNFα expression in EC co-cultured with treated B cells × 100)/TNFα expression in EC co-cultured with mock-treated B cells).
Apoptosis/necrosis assays
Overall, 50 000 EC were co-cultured with HIV-1-exposed B cells or stimulated B cells (100 000 cells) and subsequently stimulated with anti-CD3/anti-CD28-coated magnetic beads. After 72 h, CD3+ T cells were isolated by anti-CD3 magnetic beads (Dynabeads, Thermo Fisher, Waltham, MA, USA) and lysed to detect the lactate dehydrogenase (LDH) activity following the manufacturer's recommendations (Promega). Semi-quantitative analysis of cleaved caspase-3 and -9 or fulllength caspase-3 and -9 proteins in the mock and stimulated B cell conditions were performed by western blotting. Isolated CD3+ T cells from the 72 h co-culture (EC: B cells) were resuspended in 50 μl of lysis buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 2.5 mM MgCl 2 , 250 mM sucrose, 0.05% NP-40, 0.5% Triton X-100, all from Sigma Aldrich), with a cocktail of proteases inhibitors (Thermo Scientific, Waltham, MA, USA). Antibodies used for western blotting analysis were anti-caspase-3, anti-caspase-9 (Cell Signaling Technology, Danvers, MA, USA) and anti-actin (Sigma Aldrich). The level of protein was revealed using Immun-Star Western C Chemiluminescent Kit (Bio-Rad, Hercules, CA, USA) and measured using ImageJ software (NIH). Quantity of cleaved proteins was quantified as follows: (intensity of cleaved caspase bands × 100/(intensity of full-length band+intensity of cleaved caspase bands)). Transwell assay Transwells of 0.4 μm pore size were used (Millicell, Merck Millipore, Billerica, MA, USA). CFSE-labeled EC (50 000 cells) were added to the lower chambers of 96-well plates and subsequently stimulated with anti-CD3/anti-CD28-coated magnetic beads, whereas non-treated or stimulated B cells (100 000) were added to the upper chambers in the transwells. As controls for the transwell assay, CFSE-labeled EC (50 000) and B cells (100 000 cells) were also co-cultured in the same plate in the lower chambers with anti-CD3/anti-CD28-coated magnetic beads. After 72 h of co-culture/transwell, EC were gathered and EC proliferation was analyzed by flow cytometry following the loss of CFSE signal. Percentage of relative proliferation was quantified as follows: (% of proliferation of EC in HIV-1-treated B cell condition × 100/ % of proliferation of EC in mock-treated B-cell condition).
Proliferation assay with neutralization of immune suppression markers
Statistical analysis
Results are expressed as the mean ± s.e.m. The comparisons between the frequency of Breg subsets, proportions of cytokines quantified by ELISA, mRNA between non-treated and treated B cells, B-cell proliferation, suppression of EC proliferation in co-culture experiments and suppression of EC proliferation between transwell and co-culture conditions were done using the non-parametric Wilcoxon test for paired samples. Statistical comparison of apoptosis (caspase-3/-9 cleavage) or necrosis (LDH expression) between different conditions was performed by paired Student's t-test. The statistical correlation between variables was calculated by the Spearman rank correlation analysis. P values o0.05 were considered statistically significant. All analyses were performed using SPSS 17.0 Inc. software (IBM, Armonk, NY, USA).
RESULTS
Induction of Breg phenotype in vitro in stimulated B cells
We have previously demonstrated that HIV-1 induces changes in the phenotype of B cells 7 including modifying the expression of surface markers, such as CD27, CD24 and CD38, which have been associated with a Breg phenotype. 13, 14, 25 We studied the acquisition of two Breg phenotypes in in vitro experiments previously described in the literature, CD19+CD24hiCD38hi and CD19+CD24hiCD27+. Total B cells were cultured for 24 h in the presence of HIV-1 NL4-3 or, as a control, in the presence of other stimuli (CD40L/IL-4 and CpG/CD40L/LPS). CD40L/ IL-4 induces B-cell differentiation, 26 and CpG, CD40L and LPS was shown to induce the differentiation of B cells towards Breg cells in vitro. 14 The B cells were first analyzed for viability, and none of the treatments used in this study induced cell death ( Figure 1a ). The CD19+CD24hiCD38hi and CD19 +CD24hiCD27+ frequencies were markedly modified after stimulation. All stimuli induced a significant increase in CD19+CD24hiCD38hi frequency, and a higher induction was obtained in cells stimulated with HIV-1 NL4-3 (7.34 ± 2.13%) or CD40L/IL-4/HIV-1 NL4-3 (7.50 ± 2.59%) in comparison to the mock-treated condition (1.69 ± 0.54%, Figure 1b) . The frequency of the Breg phenotype CD19+CD24hiCD27+ was significantly decreased when treated with HIV-1 NL4-3 (3.36 ± 0.53%), CD40L/IL-4/HIV-1 NL4-3 (3.79 ± 0.60%), CpG/ CD40L/LPS (1.27 ± 0.29%) and CpG/CD40L/LPS/HIV-1 NL4-3 (1.35 ± 0.41%) in comparison to the mock-treated condition (7.64 ± 0.94%, Figure 1c ).
Breg cells are also defined by other surface markers associated with their suppressive function. Therefore, we analyzed the expression of PD-1, PD-L1, CD71 and FasL at the surface of B cells and Granzyme B intracellularly, which are pivotal for Breg function. 27 B cells treated with HIV-1 NL4-3 or with Breg-associated stimuli (CpG/CD40L/LPS) induced a significant modification in PD-1, PD-L1 and CD71 expression at the surface of the B cells (Figure 1d ). In summary, previously described Breg-associated phenotypes must be challenged when studied in culture since the two subsets presented in this work showed different reactions to stimulation. It is interesting to note that not only the frequency of the CD19+CD24hiCD38hi Breg phenotype showed an increase after B cell stimulation but also the CD71 and PD-1/PD-L1 axis, which takes part in Breg suppressive mechanisms.
IL-10-producing B cells in vitro IL-10 is the major marker of functional Breg cells. Therefore, we investigated whether the HIV-1-associated dysregulation of B cells is linked to their IL-10 production in vitro. After 24 h of stimulation, we analyzed the production of intracellular IL-10 in the total viable B-cell population ( Figure 2a ). As expected, CpG/CD40L/LPS, which is the stimulus that steers B cells towards a Breg phenotype, induced a significant increase in the frequency of IL-10-producing B cells in comparison to mocktreated B cells (2.74 ± 1.56% and 0.22 ± 0.06%, respectively, Figure 2b) . Surprisingly, HIV-1 NL4-3 alone was able to induce a significant increase in the frequency of IL-10-producing B cells (1.53 ± 0.73%, Figure 2b ). HIV-1 NL4-3 was also able to significantly increase the frequency of IL-10-producing B cells when combined with CD40L/IL-4 or with CpG/CD40L/LPS.
We also quantified the frequency of IL-10-producing cells in CD19+ cells expressing classical Breg phenotypes (CD24hiCD38hi and CD24hiCD27+, Figure 2c ) and in nonBreg populations (see gates A and B in Figure 2c , respectively). As expected, a significantly higher frequency of IL-10-positive cells was found in the two Breg populations in comparison to the non-Breg populations (gates A and B in Figure 2c ) in all the conditions tested, with the exception of the CD40L/IL-4 condition (Figures 2d and e) . Even if the percentage of CD19 +CD24hiCD27+ was decreased when B cells were treated with HIV-1 NL4-3 (Figure 1c ), they still showed high expression of IL-10 ( Figure 2e) . Therefore, the loss of the CD27 marker at the surface of B cells already described in HIV-1-infected individuals highlights that even if the phenotype of these cells is perturbed, their function could still be preserved. However, the frequency of IL-10-producing B cells with Breg phenotypes was o20% in all cases, showing that the definition of a Breg phenotype must be refined in the context of HIV-1 infection.
As the percentages of IL-10-producing B cells were low, IL-10 was also quantified in cell-culture supernatants (Figure 2f ). HIV-1 NL4-3 alone was able to increase the IL-10 production to a higher level than B cells activated with Bregassociated stimuli (Figure 2f) .
We analyzed the phenotypic changes observed in B cells in the presence of additional virus isolates, such as dual-tropic HIV-1-89.6, CCR5-tropic HIV-1-Ba-L, CXCR4-tropic HIV-1-LAI(BRU) and four CCR5-tropic transmitted/founder viruses (WITO, THRO, CH058 and CH077). The frequency of CD24hiCD38hiIL-10+ subsets was significantly increased when Figure 2d ). However, only HIV-1 NL4-3 was able to induce a clear increase in CD24hiCD27+IL-10+ expression (Figure 3b ). In addition, percentages of total IL-10-producing B cells were significantly increased when B cells were treated with HIV-1 NL4-3 , HIV-1-89.6 and HIV-1-BaL (Figure 3c ). It was interesting to note that the CXCR4-tropic HIV-1-LAI (BRU) and the transmitted/ founder viruses did not induce phenotypic changes in B cells, and we wondered whether a longer incubation time could induce Breg-like phenotype frequency modifications. Nevertheless, changes observed in in vitro experiments were not restricted to the HIV-1 NL4-3 isolate; in fact, they were observed with diverse HIV-1 isolates.
In summary, even though Breg-associated phenotypes were modified in different ways, these B cells were still the major source of IL-10 production. It is interesting to note that HIV-1 is a strong inducer of IL-10, which is the major marker for Breg-cell function. The combination of HIV-1 NL4-3 , CpG, CD40L and LPS, which are stimuli that could be frequently found in HIV-1 + individuals who suffer from bacterial translocation or immune activation, would increase this effect, which could constitute the main cause of the hyper-expression of IL-10 in HIV-1 + individuals.
HIV-1 NL4-3 induced a Breg phenotype When B cells were treated with HIV-1 NL4-3, we detected an increase in CD19+CD24hiCD38hi and IL-10-producing B-cell subsets; nevertheless, whether these increases were due to the generation of new Breg-related subsets or to an expansion of an already existing Breg population was not clear. Therefore, CFSE-labeled B cells were mock-treated or treated with HIV-1 NL4-3 for 5 days, and cellular proliferation was observed following the loss of the CFSE signal. HIV-1-treated B cells showed a higher level of proliferation than mock-treated B cells (Figure 4a) , as previously described. 7 However, no difference in proliferation frequency was detected between CD19 +CD24hiCD38hi and CD19+CD24 − CD38 − (non-Breg phenotype) in mock-treated or in HIV-1-treated conditions, even though CD19+CD24 − CD38 − subsets showed a slight increase in proliferation frequency (Figures 4b and c) . The viability of CD19+CD24hiCD38hi and CD19+CD24 − CD38 − subsets was identical (data not shown). In addition, we analyzed the proliferative capacity of IL-10+ or IL-10neg (IL-10-) B-cell subsets when treated with HIV-1 NL4-3, and no significant differences were observed between both subsets in mock-or in HIV-1-treated conditions (Figure 4d ). Taken together, increased frequency of Breg-associated phenotypes appears not to be due to an expansion of Breg subsets already present in B-cell culture. Increased frequency of IL-10-producing cells was related to direct contact with viral particles HIV-1-treated B cells showed a Breg-like phenotype that was related to an increase in IL-10 expression. We studied whether such changes were associated with viral or cellular components present in the viral membrane, including through HIV-1-Env (neutralizing antibody raised against a recombinant LAV-1 gp160 or using recombinant gp120/gp140 derived from IIIB (CXCR4-tropic) or SF162 (CCR5 tropic)), direct B-cell infection or CD40L that could be found at the surface of the viral particles. Therefore, we treated HIV-1 NL4-3 with an anti-HIV-1 neutralizing serum (or a human AB-serum as control), with anti-gp120 or with anti-human CD40L for 1 h before adding this treated virus to the B cells. Alternatively, B cells were treated with full-length gp120 IIIB or with AZT+T20 for 1 h before adding HIV-1 to the cells. Breg phenotype (CD19 +CD24hiCD38hi or CD19+CD24hiCD27+) and intracellular IL-10 production were analyzed by flow cytometry. As already observed, HIV-1 NL4-3 was able to induce an increase in CD19 +CD24hiCD38hi frequency and a decrease in CD19 +CD24hiCD27+ frequency (Figures 1b and c and 5a and b) . None of the treatments were able to reverse the effect of HIV-1 NL4-3 on the CD19+CD24hiCD38hi phenotype (Figure 5a ). The use of full-length HIV-1-gp120 IIIB was not sufficient to induce the Breg phenotype. However, full-length HIV-1-gp120 IIIB induced an increase in the CD19 +CD24hiCD27+ B cell subset (Figure 5b) . Treatment of HIV-1 NL4-3 with anti-HIV-1 neutralizing serum, anti-gp120 or anti-CD40L was able to partially but significantly reverse the effect of HIV-1 NL4-3 on B cells regarding the CD19 +CD24hiCD27+ phenotype. These data suggest that HIV-1 Env, CD40L or other HIV-1-derived proteins could be directly implicated in the B-cell phenotype changes ( Figure 5b) .
As IL-10 expression is a clear marker of phenotypic change in B cells, we analyzed the intracellular IL-10 expression in treated B cells. As expected, HIV-1 treatment induced an increase in the frequency of IL-10-producing B cells, which was only significantly reversed using anti-HIV-1 neutralizing serum. There was no significant difference in the expression of IL-10 in B cells treated either with HIV-1 treated with human AB-serum or with HIV-1 treated with anti-HIV-1 serum, most likely due to the higher variability when using human AB-serum (Figure 5c ). To determine whether the viral envelope is related to such IL-10 expression, we treated cells with SF162-gp140 trimeric (gp140t) and SF162-gp120 monomeric (gp120m) proteins. Cells treated with gp120m and gp140t showed increased expression of intracellular IL-10, even if IL-10 expression detected in gp120m-treated B cells was not significantly different from mock-treated cells (Figure 5d ). In contrast, gp140t-treated cells showed a significant increase in IL-10 expression in comparison to mock-treated cells, even though this increase was not comparable to the one observed when the cells were treated with HIV-1 NL4-3 ( Figure 5d ). Taken together, envelope proteins and unidentified proteins related to HIV-1 were implicated in IL-10 production by B cells as anti-HIV-1 serum could have various HIV-1 targets. CD40L and HIV-1-envelope might be implicated in Breg phenotype induction (Figure 5b ), implying that a direct contact between the virus and a B-cell is required for the B-cell phenotypic changes observed in in vitro experiments. However, direct infection of B cells was not responsible for Breg-like phenotype induction since the use of AZT+T20 was not able to reverse the signal induced by HIV-1. As B cells were isolated by positive selection, which could influence B-cell reactions, we analyzed these results using B cells isolated by negative selection. Similar results were obtained with negatively selected B cells (untouched B cells), as HIV-1 NL4-3 treatment increased the frequency of IL-10-producing cells, which was not reversed by the use of anti-CD40L or anti-gp120 (Supplementary Figure 1) . As the reversion of the HIV-1 effect upon B cells was not observed with the compounds used in this study, we can assume that different proteins at the surface of the HIV-1 particles (from human or viral origin) must be implicated in this phenomenon.
Pro-or anti-inflammatory cytokine mRNA expression As shown in Figure 2 , B-cell stimulation by HIV-1 induced a marked increase in IL-10 production. Thus, we analyzed and quantified TGF-β1 and IL-35 anti-inflammatory cytokines by ELISA assay, but quantification of these cytokines was either heterogenic (TGF-β1, Supplementary Figure 2a) or undetectable (IL-35, data not shown). Therefore, total mRNA from stimulated B cells was extracted 48 h post stimulation, and IL-10, TGF-β1, IL-21, IL-35 (composed by EBI3 and p35), IL-12 (composed by EBI3 and p40) and IL-27 (composed by p28 and EBI3) transcripts were then quantified by quantitative PCR (Figure 6f ). IL-27 (measured as p28 expression) and IL-21 were not detectable by quantitative PCR (data not shown).
As expected, in the presence of CpG/CD40L/LPS, a significant increase in IL-10, TGF-β1, EBI3 and p35 transcripts was detected (Figures 6a-d) . HIV-1 NL4-3 alone was also able to induce a very strong increase in IL-10, TGF-β1, EBI3 and p35 transcript expression, confirming the induction of the Breg-like phenotype observed in Figures 1 and 2 . The induction of antiinflammatory cytokine expression was identical regardless of whether the B cells were treated with HIV-1 NL4-3 or with the Breg-associated stimuli (CpG/CD40L/LPS; Figures 6a-d) .
Expression of p40 transcripts was also upregulated when cells were treated with HIV-1 NL4-3 alone or in combination with CD40L/IL-4 in B cells (Figure 6e) . Altogether, p40 and p35 are the two subunits that form IL-12 ( Figure 6f) . We quantified the amount of IL-12 produced in the supernatant of cell cultures by ELISA assay. IL-12 was hardly detectable in the majority of conditions analyzed, but it was detectable when B cells were treated with HIV-1 NL4-3 alone or in combination with CD40L/IL-4 (Supplementary Figure 2B) . Taken together, HIV-1-stimulated B cells were able to express not only transcripts that encode for anti-inflammatory cytokines (IL-10, IL-35 and TGF-β1) but also for p40 (IL-12). These data could HIV-1-stimulated B cells acquired a functional suppressive capacity As B cells exposed to HIV-1 acquire a regulatory phenotype (CD19+CD38hiCD24hi phenotype and the expression of IL-10, IL-35 and TGF-β1 transcripts), we studied whether these cells could also acquire a regulatory function. We analyzed the suppressive capacity of these cells by measuring their ability to block the proliferation and TNFα production of EC. EC are autologous CD19-depleted PBMCs; thus, they include CD4+ and CD8+ T cells. First, we measured the proliferation of autologous EC labeled with CFSE and cocultured with non-treated, mock-treated or stimulated B cells.
The treated B cells were washed with acid buffer, which was employed to remove cell-surface bound virus, before coculture. EC were labeled for CD4 and CD8, and their ability to proliferate following the loss of CFSE signal was analyzed by flow cytometry (Supplementary Figure 3) . The results showed that NT-, mock-or CD40L/IL-4-treated B cells did not change the capacity of CFSE-labeled CD4+ or CD8+ T cells to proliferate in co-culture assays (Supplementary Figure 3B and Figure 7 ), indicating an absence of suppressive function of these B cells. As expected, CpG/CD40L/LPS-treated B cells were able to significantly diminish the proliferation of EC when compared with mock-treated B cells (Figure 7) . B cells treated with HIV-1 NL4-3 alone were also able to diminish markedly the proliferation of EC, with a mean percentage of inhibition of 57.25 ± 11.91% for CD4+ T cells and 57.64 ± 9.92% for CD8+ T cells when compared with mock-treated B cells (Figure 7) . It is interesting to note that the addition of HIV-1 NL4-3 together with CpG/CD40L/LPS induced greater suppression on EC proliferation than these stimuli alone ( Figure 7) .
We also studied the ability of the treated B cells to block TNFα production in EC (Supplementary Figure 4) . We measured the frequency of TNFα-producing cells in autologous EC co-cultured with non-treated, mock-treated or stimulated B cells. Only three out of six experiments performed (one of which is shown in Supplementary Figure 4) showed a marked reduction of TNFα when EC were co-cultured with HIV-1 NL4-3 -, CD40L/IL-4/HIV-1 NL4-3 -, CpG/CD40L/LPS-or CpG/CD40L/ LPS/HIV-1 NL4-3 -treated B cells in comparison to the TNFα values quantified in co-culture EC+ mock-treated B cells. In the other three experiments, we were not able to detect suppression of TNFα expression for any of the conditions tested.
TNFα is associated with inflammation, immune system hyper-activation and senescence in HIV-1 + individuals. Another parameter recently described (the CD4/CD8 ratio) was found to be associated with an increased immune activation, an immune-senescent phenotype, and a greater risk of morbidity/mortality in HIV-1 + individuals. 28, 29 Because of the importance of the CD4/CD8 ratio in immune activation/ inflammation in HIV-1 disease progression, we correlated the percentage of reduction in TNFα production by EC when cocultured with stimulated B-cells in comparison to EC cocultured with mock-treated B cells and the CD4/CD8 ratio. HIV-1 NL4-3 -, CpG/CD40L/LPS-and CpG/CD40L/LPS/HIV--1 NL4-3 -treated B cells were able to decrease the TNFα production of EC when the ratio of CD4/CD8 was~2 (normal value of CD4/CD8 in healthy individuals). A strong correlation between the CD4/CD8 ratio and the percentage of reduction in TNFα production in EC (Figures 8a, c and d ) when EC were co-cultured with B cells treated with stimuli that induced a Breg phenotype was found. This correlation was not detected when B cells were treated with CD40L/IL-4 in co-culture experiments (Figure 8b) , showing that the reduction in TNFα production in EC was dependent on the regulatory state of the treated B cells. In HIV-1-infected individuals treated with active anti-retroviral therapy, which recover a normal value of the CD4/CD8 ratio, HIV-1-induced Breg phenotype could have a role in the decreasing TNFα levels observed in these treated HIV-1 + individuals. 30, 31 In summary, we describe for the first time that the presence of HIV-1 induces a Breg-like phenotype in B cells, which acquire regulatory functions showing a suppressive capacity on activated CD4+ or CD8+ T cells.
HIV-1-treated B-cell suppressive capacity was not related to cell death One can argue that such a suppressive capacity might be related to an increase in T cell death, leading to a lack of EC proliferation or lack of TNFα production. Moreover, induced cell death of effector T cells is one of the suppressive mechanisms of Breg function already described. 27 Therefore, we quantified T-cell death by different assays after co-culturing non-treated or treated B cells with CFSE-labeled EC. HIV-1 NL4-3 -and CpG/CD40L/LPS-treated B cells induced a significant reduction of CFSE-labeled CD4+ and CD8+ T cell frequency after 3 days of co-culture (Figures 7 and 9a ). This reduction could be either due to a limited proliferation of these cells or due to specific cell death. We isolated CD3+ T cells using anti-CD3 magnetic beads from the co-culture and quantified the lactate dehydrogenase (LDH), a method for the detection of necrosis, liberated by these cells after 3 days. When cells were co-cultured with mock-treated B cells or with stimulated B cells, no difference in LDH liberation was detected, suggesting that HIV-1 NL4-3 -or CpG/CD40L/LPS-treated B cells did not induce necrosis of CD3+ T cells (Figure 9b) . As caspases are a family of proteases having crucial roles in programmed cell death, essentially apoptosis, CD3+ T cells were isolated from the B cell/EC co-culture, and the expression of cleaved caspase-3 and caspase-9 was analyzed by western blotting in the CD3+ T-cell fraction after 3 days of co-culture (Figure 9c) . No changes were observed in EC co-cultured with mock-treated B cells or stimulated B cells; only in the condition where EC were co-cultured with HIV-1 NL4-3 -treated B cells did we observe a significant decrease in the detection of cleaved caspase-3 (there was no significant reduction for the caspase-9 signal, Figure 9d ). Taken together, we demonstrate that HIV-1 NL4-3 -or CpG/CD40L/LPS-treated B cells neither induce necrosis nor apoptosis in EC in co-culture. The low frequency of EC detected in these co-cultures was related to a suppression of T cell proliferation. HIV-1-treated B cell suppressive mechanism is acting through cell-to-cell contact HIV-1-treated B cells showed a Breg phenotype and suppressive function that was not related to the T-cell death induction ( Figure 9 ). We studied whether such actions could be associated with an already known suppressive mechanism through IL-10, TGF-β, IL-35, PD-1 or PD-L1. We cocultured mock-treated B cells or HIV-1-treated B cells with CFSE-labeled EC in combination with various neutralizing antibodies or peptides, such as anti-IL-10, anti-IL-35 (subunit peptide derived from EBI3), anti-PD-1, anti-TGF-β, anti-TRAIL, anti-PD-L1 or anti-FasL. Subsequently, CD4+ or CD8+ T-cell proliferation was analyzed by flow cytometry after 3 days of co-culture. EC non-activated (NA) and EC activated, cultured alone were used as proliferation controls (Figure 10a) . As previously shown, mock-treated B cells did not induce suppression of CD4+ or CD8+ T cells proliferation (Figure 7) . HIV-1-treated B cells induced the suppression of T-cell proliferation, but none of the neutralizing antibodies studied were able to reverse such suppression (Figure 10a) . The suppressive mechanism of HIV-1-treated B cells was not mediated by the expression of IL-10, IL-35, PD-L1, PD-1, TGF-β, FasL or TRAIL. With the aim of knowing whether these factors inducing suppression could act in combination, we co-cultured mock-treated B cells or HIV-1-treated B cells with CFSE-EC with anti-IL-10, anti-PD-1, anti-PD-L1 and anti-FasL, alone or in combination. CD4+ or CD8+ T cell proliferation was analyzed by flow cytometry after 3 days, and no changes were observed in EC proliferation when cocultured with HIV-1-treated B cells alone or with antibody combinations (we show only the CD4+ T cell population, Figure 10b ). In summary, HIV-1-treated B cells had a suppressive function over EC that was independent of IL-10, PD-L1/PD-1 and FasL alone or in combination.
Transwell experiments were performed to examine whether the suppressive mechanism induced by treated B cells over EC required direct cell-to-cell contact. Our results indicate that separation of the two cell types by a 0.4 μm pore size membrane compromised the suppressive activity of the stimulated B cells, supporting a cell-to-cell contact dependence as previously observed ( Figure 5 ). Co-culture experiments in the same plate were performed as a control for the suppressive ability of HIV-1 NL4-3 -treated B cells. When cells were co-cultured in a transwell system comparing mocktreated B cells or HIV-1-treated B cells, no change in EC proliferation was observed ( Figure 11 ). Even though we could not determine the specific markers responsible for the suppressive function of the HIV-1 NL4-3 -treated B cells, cell-to-cell contact seems to be essential for these cells to suppress EC function. (3) Breg-like functions, such as the reduction of T-cell proliferation; and (4) a reduction in TNFα production in T cells through cell-to-cell contact in vitro.
DISCUSSION
Previously, we described a loss of CD27 and CD24hi, and an increase in CD38hi expression at the surface of HIV-1-treated B cells, which can explain the opposite effect of HIV-1 in the current results on Breg phenotypes CD19+CD24hiCD38hi and CD19+CD24hiCD27+. 7 The loss of CD27 in B cells in the presence of HIV-1 provides an explanation for previous articles showing a loss of CD27+ memory B cells and a major presence of CD27 (naive)-B cells in HIV-1-infected individuals. 10, 32 Considering the doubts about the phenotype that correctly identifies Breg cells, whether the acquisition of a CD19 +CD24hiCD38hi phenotype is directly responsible for the increase in suppressive Breg-like cell function observed in this work must be further established. Although the suppressive capacity of CD19+CD24hiCD38hi B cells was previously shown to be related to IL-10 production but not to TGF-β production, 13 in our work neither IL-10 nor TGF-β were essential for the functionality of HIV-1-induced Breg-like cells, which makes us hypothesize that, in our model, the induction of this phenotype might not be necessarily related to the regulatory function.
One important finding of this work is that the presence of HIV-1 induces B cells to secrete IL-10, even if the suppressive effect in our culture system seems to be independent of IL-10 production. However, we can hypothesize that the suppressive or regulatory effect of this cytokine might act on a number of immune subsets that could affect immune mechanisms impairing HIV-1-specific immune responses in vivo. Because we have already shown that HIV-1 particles were able to deregulate B cells by BCR engagement through the c-Jun N-terminal kinase (JNK) and the spleen tyrosine kinase (SYK)/BCR pathways, 6 and considering that inhibition of Src family kinases such as SYK reduces constitutive IL-10 production by B cells, 33 we hypothesize that direct contact between B cells and HIV-1 could induce the production of IL-10 via the SYK/BCR engagement. Further experiments would be necessary to confirm this hypothesis.
Regarding IL-10, its effects on the pathogenesis of HIV-1 are quite controversial. Indeed, several studies have shown that low serum levels of IL-10 are linked to increased susceptibility to HIV-1 infection and accelerated progression to AIDS, particularly in the later stages of the disease. 34, 35 Other studies have shown that IL-10 is upregulated during viremic HIV-1 infection and that low levels of IL-10 are associated with a protective role in acute HIV-1 infection. 19, 36, 37 High IL-10 levels may promote viral replication by suppressing innate and adaptive immune responses. In addition, in this study we also detected high TGF-β1 expression levels in HIV-1-exposed B cells, which was determined to be more frequent among individuals with higher plasma viral loads. TGF-β1 stimulates the expression of CTLA-4 on CD4+ T cells, which correlates with disease progression and loss of HIV-1-specific CD4+ T cellular functions. 37, 38 In addition, we demonstrated for the first time that HIV-1-treated B cells expressed mRNA encoding IL-35 subunits. It was recently demonstrated that IL-35 could convert human B-cells into Breg cells, 39, 40 favoring even more the switch to a Breg phenotype, thus fostering innate and adaptive immune system dysregulation. HIV-1-related effects on phenotypes and cytokine profiles of B cells were correlated with a clear reduction in the proliferation of effector cells, showing that HIV-1-treated B cells acquire a Breg-like suppressive function. In addition to the antiproliferative effects, HIV-1-exposed B cells also modulated TNFα production by effector cells. This ability is lost when the CD4/CD8 ratio is decreased. We hypothesized that in HIV-1-infected individuals who suffer from immune system deterioration marked by CD4 lymphopenia, even though B cells were induced towards a Breg-like phenotype, such a regulatory phenotype would not be strong enough to prevent the production of TNFα. This could explain the high levels of TNFα in plasma associated with the depletion of CD4+ T cells. Moreover, in treated HIV-1 + -individuals who recover a normal value of the CD4/CD8 ratio, the HIV-1-induced Breg phenotype could have a role in the decrease in TNFα levels. All these results are crucial to understand the extent of dysregulation of the immune system ongoing in HIV-1 infection, and provide a rationale for the impairment of immune responses, in particular in the case of HIV-1 + individuals who suffer from bacterial translocation. In these individuals, the levels of TLR ligands and CD40L in the peripheral blood are high; regarding our results, their presence associated with HIV-1 particles would increase their effects on B cells, which could constitute the main source of the hyper-expression of IL-10 observed in HIV-1-infected individuals.
Despite the increased production of IL-10, IL-35 and TGF-β and the increased expression of surface markers PD-1 and PD-L1 observed on B cells, we did not demonstrate that the suppressive function of HIV-1-treated B cells was related to these factors. However, these markers are well described in the literature to be part of IL-10-dependent and IL-10-independent Breg mechanisms of action. 18 None of the blocking antibodies for the factors studied in this work, IL-10, IL-35, TGF-β, PD-1, PD-L1, TRAIL or FasL, alone or in combination, were able to reverse the suppressive function of the HIV-1-treated B cells, although we determined that it was related to cell-to-cell contact between B and effector cells. The use of anti-HIV-1 neutralizing serum in addition to the use of anti-retroviral drugs (AZT and T20) showed that the increased frequency of IL-10-producing B cells and the induction of the Breg phenotype CD19+CD24hiCD38hi were not related to direct infection of the cells, but were related to a mix of viral or/and human components currently undefined but present at the virion surface. As monomeric gp120 and particularly trimeric gp140 were able to increase the frequency of IL-10-producing cells, even though they did not achieve the level detected when cells were treated by full-length viral particles, we hypothesized that the viral envelope is implicated in Breg-like phenotype induction, but that other viral or human proteins currently undefined but present at the viral surface might be implicated in heightened Breg signal induction.
During HIV-1 infection, several soluble factors have been implicated in HIV-1 disease progression and B-cell dysregulation. One of these factors is the B cell-activating factor (BAFF). 41 High levels of BAFF have been directly associated with high levels of IL-10 and high frequencies of IL-10-producing B-cells in viremic HIV-1-infected individuals. 20, 42, 43 Remarkably, their levels in aviremic slow progressors/elite controllers were comparable to those detected in healthy donors. 44 It is interesting to note that the presence of IL-10 in association with BAFF has the ability to induce the expression of the mannose C-type lectin receptor and mannose receptor at the surface of B cells, receptors that can bind HIV-1 gp120. This linkage triggers the immunoglobulin CSR that elicits the production of specific and non-specific polyclonal IgG, IgA and IgE responses. 8 Therefore, the presence of high levels of BAFF and IL-10, even in treated individuals, may be related to chronic activation of B cells, which could lead to immune exhaustion and non-specific Ig production. 43 Our work adds a new piece to the puzzle of B-cell dysregulation, and we hypothesized that HIV-1 particles could directly participate through the viral envelope and potentially through other undefined proteins present at the virion's surface in association with previously described microbial compounds and/or soluble factors (such as BAFF) in B-cell dysregulation. It would be very interesting to further investigate whether the association of HIV-1 particles with BAFF or microbial translocation could induce a higher frequency of Breg-like phenotypes in HIV-1 + individuals.
In summary, HIV-1 particles induced a Breg-like phenotype and suppressive capacities in the B-cell population. As it was previously described that HIV-1 particles could be found attached to the surface of B cells, 45 and thus potentially transported to lymph nodes, the results presented here are essential to partially explain the profound dysregulation and inefficiency of the immune responses against HIV-1. An increase in Breg frequency and IL-10 secretion, artificially induced by the direct contact between HIV-1 particles and B cells, could provoke suppression of HIV-specific effector cells. Owing to the importance of an adequate immune response and homeostasis of the HIV-1 Figure 11 Cell-to-cell contact assay. Proliferation of autologous EC treated with CFSE was analyzed by flow cytometry when either cocultured or cultured in a transwell plate with mock-or HIV-1 NL4-3 -B cells (ratio Breg: EC of 2:1) at day 3 post co-culture. EC-CFSE were directly co-cultured or cultured in a transwell system with mocktreated or HIV NL4-3 -treated B cells. The percentage of relative proliferation was calculated as follows: (% of CD4+ or CD8+ T cell proliferation in HIV-1 NL4-3 -treated condition*100 / % of CD4+ or CD8+ T cell proliferation in mock-treated condition) in co-culture or in transwell assay. Average ± s.e.m. of five experiments for each condition is shown. *Po0.05 when comparing Co-culture versus Transwell conditions. infection, this mechanism of immune dysregulation must be taken into consideration and further studied.
